Proteochemometrics was applied in analysis of the binding of organic compounds to wild-type and chimeric melanocortin receptors. Thirteen chimeric melanocortin receptors were designed based on statistical molecular design; each chimera containing parts from three of the MC 1, 3-5 receptors. The binding affinities of 18 compounds were determined for these chimeric melanocortin receptors and the four wild-type melanocortin receptors. The data for 14 of these compounds were correlated to the physico-chemical and structural descriptors of compounds, binary descriptors of receptor sequences, and cross-terms derived from ligands and receptors descriptors, in order to obtain a proteochemometric 
C for 1 min, using a Techne apparatus, UK. PCR products were isolated by agarose gel electrophoresis. Bands were recovered using a standard NaI/silica-based method (Vogelstein et al., 1979) , and combined to produce chimeras by adding the outer primers and then running 31 PCR cycles.
Cloning, Sequencing and Expression of Chimeric Receptors.
The chimeras where the A segment had been taken from the MC 1 or MC 5 R genes had a vector-specific HindIII-site before the start codon, while those taken from the MC 3 or MC 4 R genes had a XhoI-site before the start codon. All the chimeras had a vector-specific Xba1-site after the stop codon. The chimeras starting with MC 1 or MC 5 R sequences had been cloned with HindIII and XbaI into the pcDNA.3 expression vector and chimeras starting with MC 3 or MC 4 R sequences had been cloned with XhoI and XbaI into the pCiNeo vector. To assure that the chimeras were correct they were sequenced, using an ABI Prizm sequencer. (Full accounts on the manufacture of the DNA constructs will be given elsewhere).
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For receptor expression, COS-7 cells were grown in Dulbecco's modified Eagle's medium with 10% foetal calf serum. Eighty percent confluent cultures were transfected on 100 mm dishes with the expression constructs of chimeric or wild-type melanocortin receptors (10 µg DNA per dish, mixed with liposomes, as described (Schioth et al., 1996b) ). 12-16 hours after transfection the serum-free medium was replaced with growth medium and the cells were cultivated for about 48 hours, then scraped off, centrifuged and used for radioligand binding.
Data Set for Proteochemometric Modeling.
Unfortunately we failed to obtain full length constructs for some chimeras, while some other chimeras showed very low levels of expression making their use unfeasible. In order to obtain a working-set of receptors we therefore combined the F-and S-sets so that the final set included four native and 13 chimeras (eight from the F-set and five from the S-set), as is schematically depicted in the Figure 1 . As seen, each of the receptors can be considered as consisting of five segments. Parts of all four native receptors are well represented in the chimeras, with the exception of the third segment of MC 4 R and the fifth segment of MC 5 R, which are present only in the native receptors and one of the chimeric receptors. In the following the number system given in Figure 1 will be used to denote these multiple chimeric receptors.
Eighteen organic compounds showing binding activity for MCRs were synthesized in our laboratory (Figure 2) . Of these one (1) had been designed earlier by others (Sebhat et al., 2002) while the rest were our original designs. Compounds 2 and 4 were reported earlier by us (Mutulis et al., 2002a (Mutulis et al., , 2002b .
Full accounts on the synthesis of the other compounds will be given elsewhere.
Interaction affinities (expressed as the negative logarithm of dissociation constants, pK i s) were determined using a competition binding assays with the radioligand [ 125 I]-NDP-MSH. Dissociation constants of the radioligand for each receptor were estimated by saturation assays and the dissociation constants of competing compounds were then determined by competition assays. All calculations were based on non-linear curve-fitting assuming that ligands bind to site according to the law of mass action, essentially using the approach described earlier (Schioth et al, 1995 (Schioth et al, , 1996b Table 1 ).
Our data set obtained on 18 organic compounds and 17 receptors thus included 18*17=306
interaction affinity values (Table 1) . In a few cases competition binding was not observed up to a concentration of one millimolar (pK i <3). In these cases we arbitrarily assigned pK i =3.
The large number of observations allowed us to divide the data into a work set, comprising the receptor-affinities of 14 compounds which were used for model creation, and a test set comprising the receptor-affinities of four compounds, which was set aside and used after the creation of the proteochemometric model to assess the model's predictive ability. After these procedures 31 descriptors remained in the data set (see list in the legend to Figure 4 ).
Binary Description of Receptors.
As discussed above the receptors can be considered to consist of five segments. We described each of these segments separately by using four binary descriptors. The first descriptor was equal to one when the segment was taken from MC 1 R; otherwise it was set to minus one. The second descriptor was equal to one when the segment was taken from MC 3 R; otherwise it was set to minus one, and so forth. In this way each receptor was represented by 5*4=20 descriptors.
Ligand-Receptor Cross-Terms. Ligand-receptor recognition depends on the complementarity of properties of two interacting entities. Such complementarity cannot be explained by linear combinations of ligand and receptor descriptors as complex non-linear processes govern it. In proteochemometrics the non-linearity may be accounted for by computing ligand-receptor cross-terms Lapinsh et al., 2001 Lapinsh et al., , 2002 Prusis et al., 2001 Prusis et al., , 2002 Geladi and Kowalski, 1986; Wold, 1995) .
For a proteochemometric model comprising descriptors of receptors, ligands, ligand-receptor crossterms and intra-receptor cross-terms the regression equation can be expressed as: assessed by cross-validation, as previously described (Baroni et al., 1993 , Ericsson, 1996 . R 2 Y may vary between 0 and 1; the value increases by each extracted PLS component. Q 2 values usually vary between 0 and 1; however, negative values can also be encountered, indicating non-predictive models.
A model of biological data is generally considered acceptable if R 2 Y > 0.7 and Q 2 >0.4 (Lundstedt et al., 1998 ). In the current study cross-validation was performed using 5 randomly formed groups using 100
This article has not been copyedited and formatted. The final version may differ from this version. repeats. The Q 2 estimates were used to adjust block-scaling weights and to determine the optimal number of PLS components.
Three-Dimensional Modeling and Physico-Chemical Characterization of the Melanocortin
Receptors' Ligand Binding Pocket. We constructed three-dimensional models of transmembrane regions of MCRs using the crystal structure of bovine Rhodopsin as template (Palczewski et al., 2000) .
Sequence alignments of human MC 1,3-5 Rs and of bovine Rhodopsin were taken from the GPCR database (Horn et al., 2003) . Alignment of transmembrane regions of MCRs showed that over 40 % (78 out of 178) amino acids were conserved among all the four MCR subtypes used herein. Using the 3D models we selected the residues that varied between the receptors, and which faced the inside of the ligand-binding cavity. Thirty-seven residues were chosen and subsequently coded by z-scale descriptors (Sandberg et al., 1998) . Furthermore, z-scales are interpretable and represent essentially hydrophobicity (z1), steric bulk properties and polarizability (z2), polarity (z3) and electronic effects (z4, z5) of amino acids. Moreover these 5 scales represent more than 95 % of the original measured and computed properties of the amino acids. In this way, the differences in presumed binding pockets of MCRs were encoded by 37*5=185
descriptors.
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Results of Radioligand Binding
The affinities of the 18 compounds for the 4 wild type MC 1 , [3] [4] [5] , and the 13 multiple chimeric melanocortin receptors, determined by radioligand binding, are shown in Table 1 . As seen the affinities covered a range of more than four logarithmic units. Most of the compounds were MC 1 R selective, while three compounds showed their highest affinities for the MC 4 R. As seen from the table the data was divided into a work set comprising 14 compounds and a test set comprising 4 compounds. For the subsequent modeling only the work set was used, whereas the test set was used to validate the model, by using so called external prediction (see below).
Creation of the Proteochemometric Model
PLS modeling of the work set (Table 1) Indeed, PLS modeling showed that some of the intra-receptorcross-terms attained large negative coefficients, indicating that some particular combinations of receptor segments diminishes the ligands' affinities. However, the majority of the intra-receptor cross-terms were insignificantly small. The final model was therefore created by including only the 16 intra-receptor cross-terms showing the largest negative coefficients. The performances of the models after extracting different numbers of PLS components are summarized in Table 2 . As seen extracting five to seven PLS components led to models with the same predictive abilities, Q 2 =0.79. Cross-validation was further performed so that all 17 observations of each compound were included in the same cross-validation group. In this way the This article has not been copyedited and formatted. The final version may differ from this version. components. Closer inspection of the cross-validation results showed that one of the compounds (4; the only structure containing two guanidine groups) was systematically predicted with a too low affinity.
Without including the predictions for this compound Q 2 lig would have reached 0.73. Results for the final model (i.e., the model with seven extracted components) are illustrated graphically in In the following, the seven-component model will be referred to as "the model" and is, unless otherwise stated, the one used in all subsequent analysis.
Interpretation of the Model
Analysis of Compound Properties of Importance for Melanocortin Receptor Binding.
In order to analyze the influence of different properties of the compounds on their over all affinities to MCRs we used the PLS regression equation of the model. The PLS coefficients for compound descriptors are shown in Figure 4 . As can be seen, the regression coefficients for the numbers of nitrogen atoms, secondary aliphatic amines and amides, unsaturation index, number of unsubstituted aromatic sp2 carbon atoms, molecular weight and number of circuits attained the largest positive values. The presence of phenol in the molecule gave a large negative impact. The numbers of tertiary aliphatic amines, oxygen atoms, rotatable bond fraction and mean electrotopological state correlated also negatively to the affinity, while the mean atomic van der Waals volume and logP correlated positively.
A negative coefficient was also assigned to the number of halogen atoms in the molecule; however This article has not been copyedited and formatted. The final version may differ from this version. halogen atoms attached to the aromatic ring were assessed positively. Surprisingly, only minor positive correlation to the affinity was associated to the number of 6-, 9-and 10-membered rings.
The sign and magnitude of the PLS coefficient of the descriptor of the compounds reflects the impact of the underlying property of the compounds to the affinity to the receptor series. However, depending on the actual descriptor value for a particular compound the contribution of the described property to the binding would for some compounds be positive, whereas for others it would be negative.
Accordingly, in order to reveal contribution of the properties of particular compounds to their interaction activity, we multiplied each coefficient with the actual descriptor value for each given compound, as follows.
Using this approach we, e.g., found that the overall high affinity of compound 1 is associated with high numbers of nitrogen atoms and 6-membered rings, a low rotatable bond fraction (i.e., lack of long alkyl chains) and the presence of secondary and tertiary amides in the scaffold of the structure.
Nevertheless, a negative influence is afforded by the presence of chlorine (and halogen, although positively assessed is attachment of halogen to the aromatic ring). Thus, the model suggests that the high average affinity of the structure is not due to the presence of chlorine, and would not be lost by replacement of chlorobenzene group by, e.g., naphthalene (such a modification, however, would essentially change the selectivity profile of the compound).
In compound 2 the most positive influence is afforded by a high number of unsubstituted aromatic carbon atoms and a high value of unsaturation index, i.e., properties that in the present case indicate presence of two naphthalene moieties in the structure. Positively assessed are also properties that indicate the presence of guanidine; thus, we may conclude that further increase in affinity of 2 could be sought by modifying the scaffold of the structure. Similar analysis reveals that the affinity of compound This article has not been copyedited and formatted. The final version may differ from this version. 4 could be significantly improved by including more aromatic groups and by increasing the hydrophobicity (logP) of the structure. Panels B and C) shows that the third and fifth segments are responsible for differentiating the compounds into MC 1 R and MC 4 R selective ones. As seen from panel C, the affinity of the MC 4 R selective compounds for some chimeras is actually expected to be even higher than for the native receptor. This is in agreement with the observed high affinity of compounds 1 and 15 to, e.g., chimera
Contribution of Receptor Segments for
44355 (see Table 1 ). 
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Discussion
We recently applied proteochemometrics to analyze the binding of natural melanocortin receptor ligands, namely the α-MSH peptide and some of its synthetic analogues to chimeric MC 1 /MC 3 receptors . However, these studies could exploit only a binary description of the receptors as they were chimeras of two receptors, MC 1 /MC 3 , and therefore these studies allowed only a rough mapping of the ligand binding site for the melanocortic peptides. In yet another study we applied proteochemometrics to study the interactions of a series of 54 organic compounds to native melanocortin receptors . In this study we could separately reveal chemical properties of the organic compounds that are important for their affinity and receptor subtype selectivity. However, as this study did not include any systematic variations of the receptor sequences, beyond that which is present in the wild type receptors, it was not possible to reveal any information about the receptor properties that are responsible for creation of affinity and of those that are involved in discriminating selective from non-selective compounds.
Accordingly, in the present study we evaluated a larger number of organic compounds on 4 native and 13 multiple chimeric melanocortin receptors, where the latter had been created by use of statistical design methods; the purpose being to represent all possible combinations of 3 parts in 4 receptors as good as possible in a minimal set. The binding data was then analyzed with the major aim of mapping out the receptors binding pocket for the organic compounds. Applying proteochemometrics onto the data produced a model with high predictive ability. The standard deviation of errors of prediction corresponding to the obtained Q 2 =0.79 of the model is 0.32 pK i units. In view of the intrinsic statistical error of the biological measurements the modeling accuracy is thus very high.
Alongside with the conventional Q 2 parameter, we introduced two additional estimates of model predictive ability, namely the Q 2 rec and Q 2 lig. This seemed rational since one purpose of a proteochemometric models is to make predictions for novel ligands and/or receptors, rather than to This article has not been copyedited and formatted. The final version may differ from this version. Figure 7 , twelve residues were found that potentially influence ligand
selectivity. An interesting finding of these investigations was that for the MC 1 R selective compounds only residues from the third sequence segment showed up to be of large importance. Three-dimensional modeling further indicates that only the two clusters shown on the left side in Figure 7 are important for these compounds. By contrast, for the two MC 4 R selective compounds also the region between residues 38, 41, 114, 120 and 285 appears important, suggesting a more complex binding mechanism for these compounds.
Several studies were previously performed using site directed mutagenesis in attempts to identify Interpretation of mutagenesis data is straightforward when the change is one-dimensional and the effect it causes is a simple "additative" one (e.g., involving only one alteration and/or causing only a direct effect). When changes cause many simultaneous effects (e.g. by multiple interactions with the ligand and/or inside the receptor) the relations of the changes in activity to the changes in structure may become difficult or even impossible to reveal from just a few scattered observations. Using instead a set of mutated proteins, which are designed to cover as much as possible of a selected region of structural variation, in conjunction with mathematical multivariate analysis, as applied herein, constitutes then a solution. The data of the present study indicate indeed that the proteochemometrics modeling applied on data derived from the interactions of organic molecules with statistically designed multiple chimeric proteins is useful to map ligand recognition. Moreover, the models are quantitative and reveal the underlying chemical properties that determine ligand recognition, which is information that is highly desired in ligand design. As the proteochemometrics approach is general it could be applied to analyze the molecular recognition processes of any set of proteins.
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